Epstein-Barr virus (EBV) infection causes B cell lymphomas in humanized mouse models and contributes to a variety of different types of human lymphomas. T cells directed against viral antigens play a critical role in controlling EBV infection, and EBV-positive lymphomas are particularly common in immunocompromised hosts. We previously showed that EBV induces B cell lymphomas with high frequency in a cord blood-humanized mouse model in which EBV-infected human cord blood is injected intraperitoneally into NOD/LtSz-scid/ IL2Rγ null (NSG) mice. Since our former studies showed that it is possible for T cells to control the tumors in another NSG mouse model engrafted with both human fetal CD34+ cells and human thymus and liver, here we investigated whether monoclonal antibodies that block the T cell inhibitory receptors, PD-1 and CTLA-4, enhance the ability of cord blood T cells to control the outgrowth of EBV-induced lymphomas in the cord-blood humanized mouse model. We demonstrate that EBV-infected lymphoma cells in this model express both the PD-L1 and PD-L2 inhibitory ligands for the PD-1 receptor, and that T cells express the PD-1 and CTLA-4 receptors. Furthermore, we show that the combination of CTLA-4 and PD-1 blockade strikingly reduces the size of lymphomas induced by a lytic EBV strain (M81) in this model, and that this anti-tumor effect requires T cells. PD-1/CTLA-4 blockade markedly increases EBV-specific T cell responses, and is associated with enhanced tumor infiltration by CD4+ and CD8+ T cells. In addition, PD-1/CTLA-4 blockade decreases the number of both latently, and lytically, EBV-infected B cells. These results indicate that PD-1/ CTLA-4 blockade enhances the ability of cord blood T cells to control outgrowth of EBVinduced lymphomas, and suggest that PD-1/CTLA-4 blockade might be useful for treating certain EBV-induced diseases in humans. Data Availability Statement: All relevant data are within the paper and its Supporting Information files.
trol the tumors in another NSG mouse model engrafted with both human fetal CD34+ cells and human thymus and liver, here we investigated whether monoclonal antibodies that block the T cell inhibitory receptors, PD-1 and CTLA-4, enhance the ability of cord blood T cells to control the outgrowth of EBV-induced lymphomas in the cord-blood humanized mouse model. We demonstrate that EBV-infected lymphoma cells in this model express both the PD-L1 and PD-L2 inhibitory ligands for the PD-1 receptor, and that T cells express the PD-1 and CTLA-4 receptors. Furthermore, we show that the combination of CTLA-4 and PD-1 blockade strikingly reduces the size of lymphomas induced by a lytic EBV strain (M81) in this model, and that this anti-tumor effect requires T cells. PD-1/CTLA-4 blockade markedly increases EBV-specific T cell responses, and is associated with enhanced tumor infiltration by CD4+ and CD8+ T cells. In addition, PD-1/CTLA-4 blockade decreases the number of both latently, and lytically, EBV-infected B cells. These results indicate that PD-1/ CTLA-4 blockade enhances the ability of cord blood T cells to control outgrowth of EBVinduced lymphomas, and suggest that PD-1/CTLA-4 blockade might be useful for treating certain EBV-induced diseases in humans.
Introduction
The human herpesvirus, Epstein-Barr virus (EBV), causes the clinical syndrome, infectious mononucleosis, but is usually well controlled by the host after recovery from the initial infection. However, in a small number of infected patients, EBV contributes to the development of a variety of different B-cell and epithelial-cell malignancies, including Burkitt lymphoma (BL), Hodgkin lymphoma (HL), lymphoproliferative disease (LPD) in immunocompromised hosts, diffuse large B cell lymphomas (DLBCL), undifferentiated nasopharyngeal carcinoma and gastric cancer [1, 2] . In addition, EBV causes poorly controlled, chronic active infection of B cells and/or T cells in rare individuals. A vigorous host immune response is required to control EBV infection, and a number of genetic mutations affecting the functions of various components of the immune system, including T cells, NK cells, and NKT cells, have been shown to contribute to inadequate control of EBV infection [3, 4] . EBV specific T cells are particularly important for preventing and treating EBV-induced lymphoproliferative disease. In fact, donor-derived T cells that recognize donor-derived EBV-transformed B cell lines can be expanded in vitro, and used to treat EBV-induced lymphoproliferative disease when injected in bone marrow transplant recipients [5] . Both CD4 and CD8 T cells contribute to this T cell anti-tumor effect, and latent as well as lytic viral antigens are targeted [6] .
Certain EBV-positive malignancies, including HL, gastric cancer and nasopharyngeal carcinoma (NPC), commonly occur in seemingly immunocompetent hosts. Since these malignancies express a subset of EBV latency proteins, including EBNA1, LMP1 and LMP2A, it is not clear why the host immune response in such patients cannot recognize and kill the EBVinfected tumor cells. Furthermore, HL and NPC tumors are typically infiltrated by a large number of inflammatory cells that apparently are unable to kill the tumor cells (and may in fact support their growth) [7] [8] [9] [10] [11] [12] . Whether the host immune cells surrounding the EBV positive tumor cells might be capable of killing the tumor cells under certain conditions is not currently known.
A number of recent studies have revealed that tumor-infiltrating T cells often express inhibitory receptors that lead to an "exhausted" T cell phenotype that prevents tumor cell killing. Both the CTLA-4 and PD-1 receptors can inhibit T cell receptor (TCR) mediated signaling and T cell activation [13] . CTLA-4 inhibits TCR signaling by competing with the CD28 co-stimulatory receptor for interaction with the CD80 and CD86 ligands expressed on antigen presenting cells [14] . When the PD-1 receptor interacts with either of two different ligands (PD-L1 and PD-L2), it promotes a signal that induces expression of cellular phosphatases (such as SHP1/2) that reverse the tyrosine kinase activity of the TCR signal [15, 16] . Tumor cells often express the PD-L1 and/or PD-L2 ligands, and thus can down-regulate T cell function through activation of the PD-1 receptor [17, 18] . In addition to tumor cells, PD-L1 and/or PD-L2 have also been reported to be expressed on cells infected by certain types of viruses [19] . Of note, EBVinfected NPC cells as well as EBV-infected lymphoma cells have been reported to express PD-L1 [18, [20] [21] [22] [23] . Furthermore, lupus patients have been reported to have poor control of EBV infection due to PD-1 mediated cytotoxic T cell exhaustion [24] . Thus, EBV-positive tumors might be relatively resistant to T cell mediated killing due to their ability to activate the PD-1 signaling pathway in nearby T cells.
Monoclonal antibodies which block the CTLA-4 or PD-1 receptors have been recently approved by the FDA for treatment of certain forms of human cancers [13, [25] [26] [27] [28] . These blocking antibodies, which are thought to reduce tumor size by increasing the ability of T cells to recognize and kill tumor cells, produce impressive anti-tumor effects in a subset of human tumor types, including melanoma, non-small cell lung cancer, colon cancer, and renal cancer, although only a portion of patients respond to such therapy and biomarkers that predict antitumor response have yet to be well defined [29] [30] [31] . There is also evidence that the combination of both CTLA-4 antibodies and PD-1 antibodies results in better tumor outcomes than either antibody type alone [32, 33] . The reversal of the exhausted T cell phenotype by CTLA-4/ PD-1 blockade is thought to promote T cell mediated killing of tumor cells via T cell recognition of neoantigens that are unique to the tumor cells, and which arise from tumor cell-specific gene mutations. Furthermore, tumors which have a higher number of cellular mutations are more likely to respond to CTLA-4/PD-1 blockade, since there is a higher likelihood that one or more of the tumor mutations will produce a novel epitope which can be recognized by T cells [34, 35] .
Given that virally infected malignancies express viral antigens, it seems likely that these tumors might be amongst the most highly susceptible to T-cell mediated killing following CTLA-4-1/PD-1 blockade. NOD/LtSz-scid/IL2Rγ null (NSG) mice reconstituted with human immune cells provide an excellent small animal model for studying whether manipulation of engrafted human T cell function affects the ability of EBV to induce human B cell lymphomas.
In previous studies, we showed that EBV infection in cord blood-humanized NSG mice induces EBV-positive DLBCLs in the majority of mice, although the lymphomas are initially highly infiltrated with T cells [36] . In another humanized NSG mouse model engrafted with both human fetal CD34+ cells and human thymus and liver, we and others showed that it is possible for T cells to control the tumors [37] [38] [39] [40] . Here we demonstrate that treatment of EBVinfected cord-blood humanized NSG mice with the combination of both CTLA-4 and PD-1 blocking antibodies strikingly decreases the growth rate of EBV-induced lymphomas, and increases the length of survival in mice. Furthermore, we show that CTLA-4/PD-1 blockade increases the ability of T cells from EBV-infected mice to produce interferon in response to EBV antigens in vitro, enhances T cell infiltration into EBV-induced lymphomas, and increases the number of tumor-associated high endothelial venules (a specialized endothelial cell type required for T cell migration into tumors) [41] [42] [43] . These results suggest that CTLA-4/PD-1 blockade may be useful for treating certain EBV-associated diseases in humans.
Results
Engrafted cord blood T cells have some ability to inhibit growth of EBVinduced lymphomas in the NSG-cord blood model CD34-depleted cord blood mononuclear cells (including both B cells and T cells) are infected briefly with EBV in vitro (1.5 hour) and then injected i.p. into NSG mice. Following i.p. injection, both B cells and T cells are engrafted into the spleen and lymph nodes of mice. EBVinfected (but not mock-infected) cord blood-engrafted mice eventually develop DLBCLs (most commonly involving the pancreas, liver and mesenteric lymph nodes) that become grossly visible 3 to 4 weeks after injection of cells, and then grow very rapidly over a 7-10 day period before mice need to be euthanized. The EBV-infected DLBCLs are initially infiltrated with human T cells, and support the most transforming form of EBV latency (type III), in which 9 viral genes are expressed [36] . Although freshly isolated human umbilical cord blood T cells are naive, we have observed that they become activated to proliferate after transfer into the NSG mice, which is associated with acquisition of effector functions.
Since both CD8-positive and CD4-positive T cells are engrafted in this model, and both type of T cells infiltrate the EBV-induced DLBCLs, we hypothesized that these T cells might be acting to slow the growth of EBV-induced lymphomas, even if the T cell response to EBV in this model is usually not sufficient to prevent lymphoma growth. To determine if this is the case, NSG mice injected with EBV-infected cord blood were treated with or without a T cell depleting monoclonal antibody (OKT3), starting 5 days after cord blood injection, in order to inhibit engrafted T cell function. As shown in Fig 1, treatment with the OKT3 antibody dramatically increased the size of the EBV-induced lymphomas, suggesting that the presence of the T cells is associated with at least partial control of tumor growth in this model. We therefore hypothesized that the ability of these T cells to control the EBV-driven lymphomas in vivo might be limited by the inhibitory ("checkpoint") ligands in the tumor microenvironment.
EBV-infected DLBCLs express inhibitory ligands, PD-1, PD-L1 and PD-L2, in cord blood-engrafted NSG mice
We next asked if EBV-infected lymphoma cells express PD-L1 or PD-L2 ligands in cord-blood engrafted NSG mice. Flow cytometry was used to quantitate PD-L1 and PD-L2 expression on the surface of B cells purified from two different pancreatic lymphomas, two different EBVinfected (non-lymphomatous) spleens, or from two different spleens in mice engrafted with mock-infected cord blood cells derived from the same donor. As shown in Fig 2A, both PD-L1 and PD-L2 were expressed on the surface of pancreatic lymphoma cells, and (to a lesser extent) EBV-infected splenic B cells in cord blood-humanized mice infected with the B95.8 strain of EBV. Mock-infected splenic B cells expressed lower levels of PD-L1 and little or no detectable PD-L2 in comparison to the EBV-infected lymphoma cells. Cord blood-humanized animals infected with another strain of EBV, M81, likewise expressed both PD-L1 and PD-L2 on EBVinfected B cells (S1 Fig). We also performed immunohistochemistry to examine PD-L1 and EBNA2 (a latent EBV protein) co-expression on a DLBCL invading the pancreas. As shown in Fig 2B , some EBNA2 expressing lymphoma cells clearly expressed PD-L1 on the surface.
T cells express the PD-1 and CTLA-4 receptors in EBV-infected cordblood engrafted NSG mice
We next performed flow cytometry on T cells isolated from the spleens of EBV-infected cord blood humanized mice. As shown in Fig 3A, PD-1 was clearly expressed on the surface of T cells in this model. These results suggest that interactions between the PD-L1 and PD-L2 ligands expressed on EBV-infected lymphoma cells and the PD-1 receptor expressed on T cells might inhibit the ability of T cells to control the growth of EBV-infected lymphoma cells in this model, and that blockade of this interaction with PD-1 blocking antibody might thus improve the ability of cord blood T cells to inhibit lymphoma growth. Likewise, we found that the CTLA-4 receptor was expressed on the surface of T cells in EBV-infected cord blood-humanized mice (Fig 3B) , suggesting that blockade of this inhibitory receptor on the tumor-infiltrating T cells might also enhance T cell control of tumor growth.
The combination of PD-1 and CTLA-4 blocking antibodies inhibits the growth of EBV-induced lymphomas in cord blood-humanized NSG mice
To determine if PD-1 blockade, with or without CTLA-4 blockade, enhances the ability of cord blood T cells to control EBV-induced lymphomas in cord blood-humanized NSG mice, mice injected with EBV-infected cord blood were treated with or without monoclonal antibodies directed against the PD-1 or CTLA-4 receptors, alone or in combination (100 μg per mouse i.p. delivered three times a week starting 5 days after injection of cord blood cells). As shown in Fig  4A , the combination of both PD-1 and CTLA-4 blocking antibodies significantly reduced the size of EBV-induced DLBCLs. Furthermore, the anti-tumor effect of both antibodies together was greater than that of either antibody alone. Therefore, subsequent experiments used the combination of both antibodies.
To determine if PD-1/CTLA-4 blockade inhibits EBV-induced lymphoma growth in NSG mice infected with EBV-infected cord blood derived from more than one donor, NSG mice were injected with EBV-infected cord blood derived from two additional donors, and then treated with or without the CTLA-4/PD-1 antibody combination. As shown in Fig 4B-4D , PD-1/CTLA-4 Blockade Inhibits EBB-Induced Lymphoma in Humanized Mouse similar results were obtained in NSG mice injected with EBV-infected cord blood from two additional donors. Therefore, the ability of PD-1/CTLA-4 blockade to enhance cord bloodderived T cell's ability to control EBV-induced DLBCLs is donor independent. Similar results were also obtained when the initiation of PD-1/CTLA-4 blockade was delayed until 10 days after the injection of EBV-infected cord blood, and the "control" animals were treated with appropriate isotype control antibodies (S2 Fig) . In addition, a survival study confirmed that the length of survival in EBV-infected cord blood humanized mice was significantly longer in PD-1/CTLA-4 treated animals, although all animals eventually succumbed to lymphoma (Fig 4E) .
PD-1/CTLA-4 blockade enhances the ability of T cells to respond to EBV antigens in vitro, and T cells are required for its anti-tumor effect in vivo
Since activated B cells, in addition to activated T cells, can express PD-1, the therapeutic effect of PD-1/CTLA4 blockade against EBV-induced lymphomas in humanized mice could potentially involve "off-target" effects directed against EBV+ lymphoma cells rather than enhancement of the T cell anti-tumor response. To confirm that PD-1/CTLA-4 antibody treated EBVinfected animals in this humanized mouse model develop EBV-specific T cells, we tested for T cell responses to EBV peptides in EBV-infected animals that were treated with immune checkpoint blockade or isotype control Ab. T cells isolated from spleens of animals that were given the immune checkpoint blockade showed clear IFN-γ responses when exposed to autologous cord blood cells in the presence of a mixture of synthetic EBV peptides, but did not respond to control CMV peptides (Fig 5A) . T cells from infected animals that were treated with isotype control Ab showed either weak or no detectable response to synthetic EBV peptides (Fig 5A) . T cells from uninfected mice showed no specific response to EBV or CMV peptides (S3 Fig). These results indicate that in the presence of PD-1/CTLA-4 blockade, cord blood derived T cells can give rise to an EBV antigen specific population that produces the anti-tumor cytokine IFN-γ. (anti-CD279 J116 mouse monoclonal), anti-CTLA-4 ab (ipilimumab), or anti-PD-1 and anti-CTLA-4 abs as indicated (starting 5 days post infection, 100 μg/animal i.p. 3x/week). Mice were euthanized at 4 weeks after cord blood injection and grossly visible tumors were weighed. The tumor weight is shown for each condition (normalized to the average tumor weight of untreated animals, 4 mice/group). B and C) Similar experiments were performed in NSG mice injected with M81 EBV strain-infected cord blood derived from two additional cord blood donors; mice were treated with PBS or the combination of both abs as described above (6 mice/group). D. Data from each of the three experiments shown in figure A-C was combined and analyzed. E. The survival curves of EBV-infected cord bloodhumanized NSG mice treated with or without anti-PD-1/CTLA-4 abs (9 animals each group, infected with 500 infectious M81 EBV units) are shown.
doi:10.1371/journal.ppat.1005642.g004 Human T cells were harvested at 4 weeks post-injection from spleens of EBV-infected mice that were PD-1/CTLA-4 Ab treated, or treated with istoype control Abs. The T cells were incubated for 72 hr in medium containing IL-2, then exposed to autologous umbilical cord mononuclear cells in the presence of vehicle control (shown as a peptide concentration of "0"), a mixture of synthetic EBV peptides ("EBV peptide"), or a mixture of CMV peptides ("CMV peptide"), and IFN-γ secreted into the culture supernatant was quantified by ELISA. The plot shows the means of 3-6 replicates for each condition with error bars indicating the standard deviations. The p value shown (calculated by a 2-tailed student's t test) is for the IFN-γ values produced by T cells against the EBV peptide. B. NSG mice were injected i.p. with EBV-infected cord blood cells and then treated with or without anti-PD-1/anti-CTLA-4 antibodies, in the presence of the OKT3 T-cell depleting ab (6 mice/group). Mice were euthanized 26 days post-injection. Grossly visible lymphomas were dissected and weighed. The weight of tumors is normalized to the average size of the tumors not treated with PD-1/CTLA-4-abs (set as 1).
To determine if PD-1/CTLA-4 inhibition of EBV-induced tumor growth in cord bloodhumanized mice requires the presence of T cells, EBV-infected animals were treated with or without PD-1/CTLA-4 blockade in the presence of the OKT3 T cell depleting antibody. As shown in Fig 5B, in the presence of concomitant OKT3 treatment, PD-1/CTLA-4 ab treatment had no effect on the size of EBV-induced tumors. This result confirms that T cells are required for the ability of PD-1/CTLA-4 antibodies to inhibit EBV-induced lymphomas in cord bloodhumanized mice.
PD-1/CTLA-4 blockade increases T cell infiltration of tumors, and promotes T cell activation
The reduced size of EBV-induced lymphomas in PD-1/CTLA-4 antibody treated cord-blood humanized mice suggests that cord blood-derived human T cells may be better able to infiltrate lymphomas and kill tumor cells following PD-1/CTLA-4 blockade. To examine the effect of PD-1/CTLA-4 blockade on T cell infiltration of tumors, EBV-induced lymphomas in PD-1/ CTLA-4 antibody-treated animals, versus untreated animals, were formalin fixed, paraffinembedded and then examined by H & E and immunohistochemistry (IHC) staining using antibodies directed against B cell and T cell markers. Only small lymphomas of similar size were examined in each set of animals, since large tumors had little if any T cell infiltration. As shown in Fig 6A, in the absence of PD-1/CTLA-4 antibody treatment, EBV-infected DLBCLs were primarily composed of CD20 B cells, although infiltrating CD8-positive T cells and CD4-positive T cells were present in the smaller tumors. As a marker for T cell receptor (TCR) activation, we also stained tumors with an antibody directed against the NFATC1 protein, since TCR activation results in NFAT transcription factors being more highly expressed and migrating to the nucleus [44] . The EBV-induced lymphomas in untreated animals had little if any nuclear NFATC1 (Fig 6A) .
In contrast, lymphomas of similar size in EBV-infected animals treated with PD-1/CTLA-4 blockade had many more infiltrating CD8-positive and well as CD4-positive T cells (Fig 6B) , such that T cells often outnumbered the B cells in tumor infiltrates. Furthermore, increased NFATC1 expression, as well translocation of NFATC1 to the nucleus, was observed in the smaller lymphomas in PD-1/CTLA-4 treated animals (Fig 6B) . The enhanced CD4/CD8 T cell infiltration into PD-1/CTLA-4 ab treated tumors is quantitated in Fig 6C. We did not observe a significant change in the proportion of CD4 cells expressing Fox P3 (a marker for T reg cells) (Fig 6D) , although the treated tumors tended to have a lower proportion of Fox P3-positive cells. Of note, although larger lymphomas were much less common in the PD-1/CTLA-4 treated versus untreated animals, when they did occur in the treated animals they had much reduced T cell infiltration and NFATC1 nuclear accumulation in comparison to the smaller tumors. Thus infiltration of T cells into lymphomas and NFATC1 nuclear translocation strongly correlates with reduced lymphoma size in this EBV-infected cord blood model.
PD-1/CTLA-4 blockade increases the number of high endothelial venules (HEVs) in lymphomas
To further examine potential mechanisms by which PD-1/CTLA-4 blockade promotes T cell infiltration of lymphomas in this model, we determined if immune checkpoint blockade increased the number of high endothelial venules (HEVs) in tumors. HEVs are required for extravasation of T cells into peripheral tissues, including tumors [41] [42] [43] , and the efficacy of immune checkpoint blockade has been postulated to require the presence of HEVs in tumors [42] . We found that PD-1/CTLA-4 ab-treated lymphomas that contained many infiltrating T cells also had multiple HEVs (Fig 7A and 7B ), whereas lymphomas that had few or no 
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infiltrating T cells did not contain these structures (Fig 7A and 7B) . Thus, an increased number of intra-tumor HEVs in the PD-1/CTLA-4 treated animals likely plays a role in promoting enhanced T cell infiltration of lymphomas.
In addition, we determined if enhanced T cell infiltration in lymphomas of PD-1/CTLA4--treated animals was associated with increased expression of the T cell chemokine, RANTES, within lymphomas. As shown in Fig 7C, lymphomas in PD-1/CTLA-4 treated animals expressed more RANTES than did the lymphomas in untreated animals. Interestingly, although the EBV LMP1 protein induces RANTES expression [45] , the source of RANTES appeared to be primarily from the inflammatory infiltrate rather than the EBV-infected B cells. Thus, increased intra-tumor expression of a potent T cell chemokine may also contribute to increased tumor T cell infiltration in response to immune-checkpoint blockade.
PD-1/CTLA-4 blockade reduces the number of both latently, and lytically, EBV-infected lymphoma cells in EBV-infected cord bloodhumanized mice EBV-infected cells that have the lytic form of viral infection express many more viral antigens than latently infected cells, and are thought to be more susceptible to T-cell mediated killing. To determine if PD-1/CTLA-4 blockade preferentially affects the ability of T cells to kill latently-versus lytically-infected lymphoma cells, we examined the number of EBER positive cells by in situ hybridization, and performed IHC using antibodies to detect the EBV-encoded EBNA2, LMP1, BZLF1 and BMRF1 proteins. The EBERs are small virally encoded RNAs expressed at high level in all latently EBV-infected cells, the EBNA2 protein is specifically expressed during type III latency, the LMP1 protein is expressed in type II and type III latency, and the BZLF1 and BMRF1 proteins are specifically expressed in lytically infected cells. 
Discussion
EBV infects the great majority of humans, but is normally well controlled by the host immune response. Nevertheless, even in healthy EBV-infected individuals, the virus persists for life within latently infected B cells, and periodically reactivates to produce infectious viral particles in the saliva. Thus, EBV-infected individuals continue to be at risk for developing EBV-associated diseases and malignancies for their entire lifetime, and a continuous robust T cell response against EBV is required for protection from various different EBV-induced illnesses. An increasingly recognized mechanism by which virally infected cells, as well as tumor cells, can overwhelm the T cell response is to induce T cell "exhaustion" by expressing ligands for the inhibitory T cell receptors, CTLA-4 and PD-1. In this report, we have used a new cord bloodhumanized mouse model to show that EBV-infected B cells express inhibitory ligands (PD-L1 and PD-L2) for the PD-1 T cell receptor, and to demonstrate that blockade of the PD-1/CTLA-4 inhibitory T cell receptors enhances the ability of T cells to control growth of EBV-induced lymphomas in this model. These results suggest that PD-1/CTLA-4 blocking antibodies may also be useful for certain types of EBV-induced illnesses in humans.
A variety of mutations that affect various components of the immune response have been reported to decrease control of EBV infection, resulting in persistent high level EBV viremia and in some cases EBV-induced LPD [4] . These syndromes can results from mutations in a variety of different genes, including SH2D1A, XIAP, PI3KCD, PRF1, MAGT1, ITK1, CORO1A and PRKCD [4] . Reduced T cell function also increases the risk of certain types of EBV-induced tumors. For example, AIDS patients are at much higher risk than the general population for developing EBV-infected primary CNS lymphomas, EBV-positive DLBCLs, EBV-positive Hodgkin Disease and EBV-positive Burkitt lymphomas [46] [47] [48] [49] . Likewise, organ transplant recipients (particularly EBV-negative individuals), who have reduced T cell function due to iatrogenic immunosuppression, have a high risk for EBV-induced LPD [50, 51] . Children with malaria, who are known to have reduced T cell function [52] , often have extremely high levels of EBV DNA in the blood, which may increase their likelihood of eventually developing EBV-positive Burkitt lymphomas [53] . Even relatively subtle immunosuppression, such as occurs during normal aging, may contribute to certain EBV-associated malignancies, in particular age-related EBV-positive diffuse large B cell lymphoma [54] . The EBV-positive tumors that occur in immunocompetent individuals (including gastric carcinoma, NPC, BL and HL) generally express many fewer virally-encoded latency proteins than the latency type III tumors that occur in immunosuppressed patients, and thus are less immunogenic. Nevertheless, since at least three different EBV proteins (EBNA1, LMP1 and LMP2A) are expressed in both HL and NPC [55, 56] , and LMP1 expression in particular has been shown to promote T cell-mediated killing [57] [58] [59] [60] , a number of studies have investigated the potential mechanism(s) by which T cell-mediated killing of EBV-infected tumor cells might be inhibited in these tumors. In this report, we confirm that EBV infection of B cells increases PD-L1 expression, and show that PD-L2 expression is also increased. Interestingly, although previous reports have identified LMP1 as the likely EBV protein that increases PD-L1 expression, we found that both wildtype M81 strain EBV, and an LMP-1 deleted B95.8 strain EBV mutant [36] , activate both PD-L1 and PD-L2 expression on EBV-infected B cells in humanized mice (Fig 2A and S1 Fig) . Thus, LMP1 expression is not required for induction of PD-L1/PD-L2 on EBV-infected tumors. Whether tumors with type I latency such as BL (expressing only the viral EBNA1 protein, small EBV nuclear RNAs and virally-encoded miRNAs) also express PD-L1 and/or PD-L2 is currently unknown. However, since both PD-L1 and PD-L2 were recently reported to be expressed in EBV-positive (but not EBV-negative) gastric cancers [61] , which often have type I latency, it is possible that even type I latency EBV infection promotes PD-L1 and/or PD-L2 expression on host cells.
To our knowledge, this is the first study to show that PD-1/CTLA-4 blockade decreases the growth of EBV-induced lymphomas in a humanized mouse model. Our finding that PD-1/ CTLA-4 blockade in this model greatly enhances the ability of T cells to produce the antitumor cytokine IFN-γ in response to EBV peptides confirms and extends a recent in vitro study showing that PD-1 blockade increases the ability of co-cultured T cells to proliferate in the presence of EBV-positive DLBCLs [23] . Furthermore, we confirm that the effect of immune checkpoint blockade in the humanized mouse model requires the presence of functional T cells, since this treatment had no effect when T cells were depleted using the OKT3 antibody. Our results suggest that PD-1/CTLA-4 blockade increases the ability of T cells to infiltrate EBV-induced lymphomas, and to become highly activated (as measured by NFATC1 nuclear translocation). Consistent with our results, a previous study in melanoma patients reported that enhanced T cell infiltration of tumors following immune checkpoint blockade was associated with a higher likelihood of clinical response [62] .
In addition, we found that enhanced T cell infiltration of PD-1/CTLA-4 ab treated lymphomas was accompanied by a higher number of intra-tumor high endothelial venules (HEVs). HEVs, which are composed of specialized endothelial cells that express the peripheral lymph node "addressin", are required for T cell entry into tumors (and lymph nodes) and have been proposed to play an essential role for the success of various types of immunotherapy [42] . Given that EBV-infected B cells with type III latency constitutively express a variety of T cellattracting chemokines, including RANTES [45] and IP10 [63] , the ability of tumor endothelial cells to differentiate into HEV structures may act as a critical gate-keeper in controlling tumor T cell infiltration into EBV-induced lymphomas. Since the development of lymph-node like vasculature within tumors is induced by activated T cells and NK cells via secretion of lymphotoxin alpha 3 and interferon gamma [43] , PD-1/CTLA-4 blockade may increase the number of HEV structures within tumors by enhancing T cell activation, provided that some T cells are already infiltrating the tumor prior to treatment. Although HEVs likely enhance the ability of EBV-infected B cells to migrate to lymph nodes and lymph-node like structures early in tumor development, since we found that large tumors (which had few if any T cells) no longer contained these specialized endothelial structures, HEVs are not required for continued EBV+ lymphoma growth once tumors become established.
We also found that PD-1/CTLA-4 blockade reduced the number of latently infected, as well as lytically infected, EBV-positive lymphoma cells in this humanized mouse model. Nevertheless, PD-1/CTLA-4 blockade did not prevent the establishment of latent EBV infection, at least when given 5 to 10 days after EBV infection was initiated. Since EBV latency establishment may require expression of only a single viral protein, EBNA1 (which mediates latent viral replication via the host DNA polymerase), and EBNA1 is known to be poorly recognized by the host immune response [64, 65] , it is possible that PD-1/CTLA-4 blockade may be less effective at controlling tumors such as BL and gastric carcinoma that have type I latency. Nevertheless, the recent observation that PD-L1 and PD-L2 are expressed in EBV-positive, but not EBV-negative, gastric carcinomas suggests that PD-1/CTLA-4 blockade may be therapeutically useful even for EBV-positive cancers with the less immunogenic forms of viral latency.
Although PD-1/CTLA-4 blockade greatly decreased the growth rate of EBV-induced lymphomas in the cord blood humanized mouse model, and extended the survival of EBV-infected mice, this therapy alone did not ultimately prevent death due to EBV+ lymphoma. The failure to do so may reflect the relative paucity of some aspects of the intact host immune response in this CD34-depleted cord blood model (e.g., NK cells), the absence of EBV-specific memory T cells at the initiation of EBV infection, and the fact that EBV is a highly transforming virus that has many mechanisms for dampening the host immune response. Thus, PD-1/CTLA-4 blockade may be even more effective for controlling EBV-positive lymphomas in the context of certain types of human immunodeficiency (for example, following solid organ transplantation), where EBV-specific memory T cells and/or NK cells are present.
Finally, it is important to note that PD-1/CTLA-4 blockade produces toxic (sometime fatal) side effects in some patients, including autoimmune mediated pulmonary infiltrates [66] . In particular, PD-1/CTLA-4 blockade might cause organ transplant rejection or increase graft versus host disease in organ or bone marrow transplant recipients with EBV-associated lymphoproliferative disease. In addition, since many of the clinical symptoms in infectious mononucleosis are due to an overly exuberant T cell response to EBV-infected B cells, PD-1/CTLA-4 blockade could potentially be more harmful than helpful in such patients. Nevertheless, our results here suggest that PD-1/CTLA-4 blockade may be highly useful for treating EBV-positive tumors in otherwise immunocompetent individuals. Patients with age-related EBV-positive DLBCLs might also benefit from PD-1/CTLA-4 blockade. In addition, PD-1/CTLA-4 blockade might help to control EBV infection in patients with specific defects in host immunity that promote uncontrolled EBV infection, as long as these defects do not totally inhibit T cell function. Although highly promising, treatment of EBV-associated illnesses with PD-1/CTLA-4 blockade in humans will need to be carefully studied in a variety of different types of EBVinduced diseases before it can be generally recommended.
Materials and Methods

EBV viruses
Most experiments in this study were performed using the lytic EBV M81 strain bacmid DNA. This M81 bacmid expresses the green fluorescent protein (GFP) and a hygromycin B resistance gene, and was constructed using bacterial artificial chromosome technology as described previously [67] . All studies used the M81 strain EBV except for the PD-L1 and PD-L2 flow cytometry studies shown in Fig 2, which were performed in animals infected with a LMP1-knockout (LMP1-KO) mutant virus derived by mutagenesis of the p2089 B95.8 strain EBV bacmid as previously described [68] .
Humanized NOD/LtSz-scid/IL2Rγ null mice
Immunodeficient nonobese diabetic/severe combined immunodeficient (NOD/LtSz-scid/ IL2Rγ null ) mice were purchased from Jackson Labs (catalogue 005557). Commercially purchased CD34-depleted human cord blood mononuclear cells (AllCells, LLC., CB117) were mock-infected, or infected with M81 strain EBV, in vitro for 1.5 hours, and then 12 to 25 million cells were injected intraperitoneally (i.p.) into 3-5 week old NSG mice. Each individual treatment experiment (with or without blocking antibodies) was performed in animals injected with the same number of cord blood cells (all from the same donor), and the same amount of infectious M81 virus.
Production of infectious virus
Infectious viral particles were produced from 293 cell lines stably infected with the M81 strain EBV virus following transfection with EBV BZLF1 expression vector as previously described [38] . EBV was titered on Raji cells using the Green Raji cell assay as previously described [38] . The number of fluorescent Raji cells derived from serial dilutions of the concentrated virus stock was examined to calculate the green Raji unit (GRU) titer. Note that the GRU titer from M81 virus infected cells may be less than the actual infectious titer since the GFP gene (inserted into the terminal repeat region of the EBV genome) is sometimes lost during viral replication due to terminal repeat recombination.
EBV infection of mice
Cord blood was mock-infected, or infected with 2,000 to 5,000 infectious units of M81 EBV virus for 1.5 hours in vitro, and then injected i.p. into NSG mice (diluted in PBS with 200 ul final volume). Cord blood was infected with EBV in batch for each individual experiment, divided into aliquots, and antibody treated, versus untreated, animals in each experiment were injected with the same number of EBV-infected cord blood cells, all derived from the same donor. Mice were sacrificed at day 28, or earlier if they became clinically ill (weight loss more than 20%, ruffled coat or hunching behavior). In the survival study, mice were infected with 500 infectious units of M81 EBV virus and sacrificed when they became clinically ill.
Anti-CTLA-4, anti-PD-1, and anti-CD3 antibody treatment OKT3 antibody was purchased from Imgenex (San Diego, CA). Mice received 50 μg of antibody three times per week i.p, starting eleven days after EBV infection and continuing for the remainder of the experiment. The blocking anti-CTLA-4 antibody, ipilimumab, was obtained from the remnants of antibody used to treat cancer patients at the University of Texas MD Anderson Cancer Center. The blocking PD-1 antibody (a-hCD279, clone J116) was obtained from BioXcell. For CTLA-4 and PD-1 blockade, mice were given three times weekly antibody injections (100 μg i.p.), starting five days after cord blood injection (or 10 days after cord blood injection; S2 Fig) and continuing until the end of the experiment. In some experiments (S2 Fig  and the survival study) , "control" animals were injected with equal amounts of appropriate isotype control antibodies (Human IgG (which is composed of 65% IgG1 subtype), Sigma, and InVivoMAb Mouse IgG1, BioXcell).
Analysis of EBV infection and tumors
Following euthanasia, grossly visible tumor tissue was carefully excised and weighed. In addition, multiple different organs (including the lungs, transplanted thymus, spleen, pancreas, liver, gall bladder, mesenteric fat and abdominal lymph nodes) were formalin fixed, and then examined using a variety of techniques to determine if animals had persistent EBV infection and/or EBV-positive lymphomas, and to assess the viral protein expression pattern. Analysis performed for all animals included H & E staining, and IHC staining using antibodies directed against CD20 (B cell marker), CD8 (cytotoxic T cell marker), CD4 (helper T cell marker), NFATC1 (activated T cell marker), MECA-79 (a marker for high endothelial venules), and RANTES (a T cell chemokine), and EBV proteins EBNA2, LMP1, BZLF1, and BMRF1. For immunohistochemistry, formalin-fixed, paraffin-embedded tissue sections were deparaffinized and then examined by IHC as previously described [37, 38] . Antibodies used are listed in Table 1 . In some animals, EBER in situ hybridization studies were performed using the PNA ISH Detection Kit (DakoCytomation).
Flow cytometric analysis
Spleen or tumor tissues were mechanically disrupted and then filtered through a 70μM cell strainer (Fisher Scientific) to generate a single cell suspension. The cells were pelleted, washed in PBS, and then diluted into PBS at a concentration 2-4 million/ml. Staining was performed using fluorescently-labeled monoclonal antibodies specific for human cell surface markers, and compared to isotype-matched negative control antibodies used for fluorescence minus one (FMO) conditions. Antibodies used for staining were purchased from BioLegend, and included the following: anti-HLA-A,B,C (clone W6/32), anti-CD45 (clone HI30), anti-CD3 (clone OKT3), anti-CD19 (clone HIB19), anti-CD20 (clone 2H7), anti-PD-L1 (clone 29E.2A3), anti-PD-L2 (clone 24F.10C12), anti-PD-1 (clone EH12.2H7), and anti-CTLA-4 (clone BNI3 from BD Biosciences). Compensation was performed using single color controls, and staining was detected using an LSRII flow cytometer (BD Biosciences). Flow cytometric data analysis was performed using FlowJo software.
IFN-γ ELISA
Mice were injected with uninfected or M81-infected cord blood cells, and treated with anti-CTLA-4 and anti-PD-1, or isotype control Abs. Four weeks post injection, T cells were purified from splenocytes via magnetic bead-mediated depletion of non T-cell populations with the Pan-T cell Isolation Kit (Miltenyi Biotec; Auburn, CA) following the manufacturer's protocol. The purified T cells were incubated in culture medium containing recombinant human IL-2 for 72 hours, then exposed to autologous cord blood mononuclear cells that were pulsed with vehicle control or the indicated concentrations of EBV-derived peptides (PepTivator EBV Consensus, Miltenyi Biotec; Auburn, CA); this peptide pool is derived from 13 different lytic and latent EBV proteins including LMP2a, BRLF1, BMLF1, LMP1, BERF3, BERF1, BERF2, BALF2, BMRF1, BZLF1, BNRF1, EBNA1 and gp350). Alternatively the cord mononuclear cells were pulsed with a peptide pool derived from two different CMV proteins including pp65 and 
Study approval
All animal work experiments were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee (IACUC) and conducted in accordance with the NIH Guide for the care and use of laboratory according to the manufacturer's protocol as previously described [38] .
Statistics
The p value was calculated using the Wilcoxon rank sum test using Mstat Software (http:// mcardle.wisc.edu/mstat/index.html) except in Fig 5A, where the p value was calculated by a 2-tailed student's t test.
Supporting Information Human T cells were harvested at 4 weeks post-injection from spleens of uninfected cord-blood humanized mice (using the same donor shown in Fig 5A) . The T cells were incubated for 72 hr in medium containing IL-2, then exposed to autologous umbilical cord mononuclear cells in the presence of vehicle control, a mixture of synthetic EBV peptides ("EBV peptide"), or a mixture of CMV peptides ("CMV peptide"). In parallel, the T cells were incubated with an anti-CD3 antibody (OKT3) as a positive control to ensure that they were able to respond. After 24 hr, IFN-γ secreted into the culture supernatant was quantified by ELISA. The results show the means of 3 replicates for each condition with error bars indicating the standard deviations.
